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MUTU3ESAT1Ow INITIAL~

By GordonL.DuggeraudSheldonHe-l

Flameepeedsweredeterminedformethane-air,propane-air,and
ethylene-airmixturesat -73°C andformethane-airmixturesat -132°C.
Thedataextendthecurvesofmximumflamespeedagainstinitialmix-
turetempaaturepreviouslyestablishedfortherangefromroomtemper-
atureto 344°C. Empiricalequationsformaximumflamespeed u
(cm/see)asa functionofinitialmbdmretemperatureTo weredeter-
minedtobe asfollows:

Formethsme,for To from141°to 6L5°K,

2.11U t=8 + 0.000160T()

Forpropane,for To from200°to 616°K,

U = 10+ 0.000342T02”00

Forethylene,for To from200°to 617°K,

U = 10+ 0.00259T01”74

Relativeflsmespeedsat lowinitialtempcwatureswerepredicted
withinapproximately20percentby eitherthethermaltheoryaspre-
sentedby Semenovorby thediffusiontheoryofTanfordandPease.The
sameorderwasfoundpreviouslyforhighinitialtemperatures.The
low-temperaturedatawereaho foundto extendtheMnear correlations
betweenmaximumflamespeedandcalculatedequilibriumactive-radical
concentrations,whichwereestablishedby thepreviouslyrepo~edhigh-
temperaturedata.

— . . . ...— — —- -——. — —.—.
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INTRODUCTION

Flamespeedissm imporkntconibustionpropertyofa fuel-airmix-
t~ej as such,itis ofinterestinbothfundamentalandappliedstudies
offlamepropagation.Dataontheeffectofinitialmixturetemperature
onflamespeedareneeded(1)totestthepredictionsofvarioustheories
offlamepropagationastotheeffectofinitialtemperatureonflame
speedinorderto obtaina betterinsightintotheprocessofflameprop-
agationand(2)toaddtotheliteraturefundamentaldata,whichshould
be ofvalueforcorrelatingaircraft-comkmstorperformancewithoneof
theimportantp@ical variables,theinlettemperature.

Forthesereasons,an investigationoftheeffectofinitialtem-
peratureonflamespeedwasundertakenattheNMA Lewislaboratory.
Dataformethane-air,propane-air,andethylene-airflamesoverthetem-
peraturerangefromroomtemperatureto 344°C me presentedinrefer-
ence1. Forthesethreefuelsitisreportedthat:

(1)Flamespeedincreasedwithtitialtemperatureatan increasing
rate.

(2)Changesofflamespeed,relativetoflamespeedatroomtemper-
ature,withchangeininitialtemperatefollowedthedecreasingorder:
methane,propane,andethylene;

(3)Relativevaluesofflamespeedcouldbe predictedwithinapprox-
imately20percentby eithera thermaltheoryora diffusiontheoryof
flamepropagation.

(4)Linearcorrelationsex3_stedbetweenmaximumflamespeedand
calculatedequilibriumactive-radicalconcentrations.

Inordertotestthevalidityoftheseresultsfurther,andpartic-
ularlyto determinewhetheranydiscontinuitywouldoccurineitherthe
flame-speed- temperaturecurvesortheflame-speed- radical-
concentrationcorrelationsat lowtemperatures,flame-speeddataat low
initialtemperaturesareneeded.Low-temperaturedataarealsodesira-
bleinorderto extendtherangeoftemperaturescoveredtothelow
temperatureswhichmightbe encounteredinflight.

Flame-speeddataforinitialtemperaturesof -73°and-132°C for
methane-airmixturesand-73°C forpropane-airandethylene-ahmix-
turesareincludedherein.Theflamespeedswerecomputedfrommeas-
urementsbasedontheouteredgeoftheshadowcastby thelaminarBun-
senconeofa flameseatedona nozzle.A velocityprofileofoneof
thenozzlesisalsopresentedanddiscussedwithregardtothemethod
usedin calculatingflamespeed.
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SYMBOIS

Thefollowingsynibolssreusedinthisreport:

longitudinalcross-sectionalareaofcone,measuredby a plsdm-
eter(sqcm)

constantfora givenfuel

relativediffusioncoefficientofgivenactiveradicalwith
respectto otherradicals

activationenergy(cal/gram-mole)

heightofcone(cm)

slantheightorlengthofgeneratingcurve(cm)

constantexponentforgivenfuel

molefractionorpartialpressureof ithradicalinburnedgas

partialpressureofhydrogenatominburnedgas

partialpressweofoxygenatominbwned gas

partialpressureofhydroxylradicalinburnedgas

gasconstant(cal/(fyam-mole)(%))

lateralsurfacearea(sqcm)

flametemp=ature(°K)

initialmixturetemperature(°K)

,flamespeed(cm/see)

EXPER=AL PROCEDURE

Fuels.- Theminimumpuritiesstatedby thesuppliersofthemethane
andtheethylenewere99.0and99.5percent,respectively.Thepropane
hada minimumpurityof95.0percent,themajorimpuritiesbeingethane
andisobutane.

— — ——-— .— -———
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Apparatus.- Theapparatus,withtheexceptionoftheconventional
parallel-beamshadowgraphsystem,isdiagg?a?maticallyillustratedinfig-
ure1. Theapparatusandtheexperbuentaltechniquewerethesameas
reportedtireference1,exceptthat provisionwasmadefordryingwe
airwithactivatedalmha andforprecookingthefuel-airmixture.A
nozzle-typeburnerwaschosenin ortirto obtainlaminarflowina short
over-allburnerlengthsothatthewholeburnerassenkdycouldbe cooled
by abmergingit inan 18-centimeter-dismeterby 33-centtiter-deep
Dewarvessel.Detailsofconstructionoftheburnersreshowninfig-
ure2. Theburnerproperwasmadeofbrassandhadan over-alllength
of30.5centimeters.

Thefuelandthedryah weremixedandfedthroughtheinlett~e
T tothemanifoldV, fromwhichitenteredtheburnerby meansof
16 smallholesU equallyspacedcircumferentiaXlyaboutthebase. It
thenpassedthroughthestraightsectionS andthroughfourcalming
screens0, whichw=e supportedby brassringsR audsealedby
neopreneO-ringsQ. Themlxhrrewasthenacceleratedby a Mache-Hebra
typebrassnozzleN (reference2)andfurtheracceleratedby a smalL
ceramicnozzleH, whichwascementedto thebrassnozzle.

Theceramicnozzlewasaddedtotheoriginalbrassnozzleafterit
wasfoundthatsuchanarrangementaidedin stabilizingtheflame.The
@roved stabilitywaspresumablydueto thereducedthermalgradient
betweenflameandnozzlesincestable,regularlyshapedflameswere
obtainedonlyaftertheflamehadbeenallowedtoheattheceramicnozzle
to a temperature60°to 100°C higherthanthegastemperature.Tests
madey’itha propane-airmixtureatroomtemperatureindicatedthatthis
Mf erencebetweenthetemperatureoftheshortceramicnozzleandthe
gastemperaturedidnotappreciablyaffectflamespeed.Formethaneand
propane,theceramicnozzlehada throatdiameterof I-2.7millimeters;
forethylene,6.4millbneters.Thesenozzleswereturnedfromround
stockby cuttingan-al holetothed.estiedthroatdiameterandthen
roundingtheupstreamedgeoftheholeto appro=tel.ya 1.6-milMmeter
radius.Thenozzlediskswere3.2IDi11imetersthick.

Forthedataobtaindat -73°C,theburneras describedwassub-
mergedina bathofdryiceinacetoneandwassupportedonthelipof
theDewarvessel(L,fig.1)by thesteelflange1,whichwasscrewed
ontothebrassnozzle.Forthedataat -132°C,forwhichliquidnitrogen
wasusedas thecoolant,itwasfoundnecessaryto jacketthelowerthree-
qwartersoftheburnerwithairtopreventovercool.ingandconsequent
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condensationof oxygenfromtheprimaryair. Thiswaaaccomplishedby
boltinga steelcan(K,fig.1)to a flangesolderedto thebrassnozzle.
Thedesirednozzle-outlettemperaturewasthenobtainedby varyingthe
levelofliquidnitrogenwithrespecttothetopoftheairjacket.

Thegastemperaturewasmeasuredbetweenrunsby a bare28-gage
copper-constantanthermocouple,whichhada soft-solderheadofapproxi-
mately1.5-mi133meterstisneteratthejunction.Itwassupprtedina
pieceofpyrextubingwitha rightanglebendsuchthatthethermocouple
leadsextendeddownward(alongtheaxisofthegasstream)fora distance
of 6 centimeters.Thewalltemperatureofthecersmicnozzlewasmeasured
by anot@rcopper-constantanthermocouple.Forthe-73°C data,itwas
believedthaterrorsinthegas-temperaturereadingsduetoradiationand
lead-conductionlosseswereoftheorderof*1 percent.Forthe-132°C
data,errorsduetoradiationandleadconductionwhenthethermocouple
waspkced inthenozzlethroatweregreater.A correctionwasestimated
by thefollowingmethod:Gas-temperaturereadingsweretakenwiththe
junctionatdepthsof0.3and5.0centimetersbelowthetopsurfaceof
theceramicnozzle.Ofthesetwotemperaturereadings,the5-centimeter
readingwasstijectto smallerlead-conductionandradiationerrors
becausethejunctionwaswellinsidethecoldnozzle.withthetwogas-

temperaturereadingsandtheceramic-nozzletemperatureknownforflow
withoutburniq,an estimatewasmadeofthecorrectiontobe appliedto
the5-centimeterreadinginorderto obtainthecorrecttemperatureof
thegasleavingthenozzlethroat(initialmixturetemperature).Itwas
assumedthatthelead-conductionerrorwasnegligible;theradiationand
wall-to-gasheat-transfercorrections(estimatedfromreference3)totaled
5° c. Theinitialmixturetemperaturewasthereforetakentobe the
5-centimeterreadingplus5°C.

Determinationofflamespeed.- Shadowgraphsoftheflamesweremade
by a psxallel-beamsystem.Flamespeedsweredeterminedfrommeasure-
mentsbasedontheouteredgeofth~coneshadowby thetotal-areamethod,
whereintheaveragenormalflamespeedisequaltothevolumerateofflow
oftheunburnedmixburedividedby thesurfaceareaoftheconeformedby
theconibustionzone.Thissurfaceareawasdeterminedlyassumingthat
theflamesurfacecanbe appro~tedby therelationforconicalsurfaces
ofrevolution

RESULTSANDDISCUSSION

Velocityprofileofnozzle.- Infigure3 a velocityprofileis
shownforthe12.7-millimeterceramicnozzle(onthebrassnozzle)foran
averageair-flowvelocity(volumetricflowratedividedby nozzle-throat
area)of 124centimeterspersecondat 25°C. Theprofilewasobtained

-. ——. —.—— —— ——.



6 IOWATN 2624

by meansofa hot-w5re-ammometerprobe,whichwascaMbratedthesame
dayby traversesoffullydevelopedlsminarflow(reference4) ina
25-millhaeter-inside-dismetertube. Thecalibrationcurvewasestablished
by assumingthelocalvelocityattheaxisofthe25-miUtietertubetobe
twicetheaveragevelocityandtheaveragevelocitytobe equaltothe
localvelocityata distancefromthetubeaxisequalto 0.707timesthe
tuberadius.ThisconditionwasexpertientsllyconfirmedwithinM per-
cent,whichis believedtobe theaccuracYofthemeasurements●

Theaveragevelocitycomputedfromthean~ terread3ngswas
131centimeterspersecond,assuminga hear velocity=ent fromthe
outermostdstapointstothenozzlewall.Whilethecentralportionof
thevelocityprofileisfairlyflat,thelocalvelocitiesoverthispor-
tionareoftheorderof20percenthigherthantheaverageair-flow
velocity.Sticeflame-speedvaluesbasedona localvelocitywhichwas
assumedtobe equaltotheaveragevelocitywouldthushavebeenin~eat
error,itwasdecidedto usethetotal-areamethodofflame-speedmeas-
~ement(describedinthesectionDeterminationofflamespeed)fornoz-
zleflames,aswaspreviouslydonewithtubeflames(reference1). While
thetwo-stagenozzlereferredtohereisan unusualcase,it isbe13.eved
thatanappreciableerrorwouldresultfromignoringtheboundary-layer
effectforanysmall-diameternozzle.

Flamespeedsbasedonouteredgeof shadow.- As indicatedinref-
erences5 and6,themazbnumdensity~adientismorenearlyrepresented
by theouteredgeoftheshaduwthanby theinneredgebecauseofthe
mannerinwhichtheshadowofa flameconeisproduced.Ifthelocusof
maximumdensity~adientistakento correspondtotheflamefront,abso-
lutevaluesofflamespeedshouldbebasedontheouteredgeofthe
shadow.

Infigure4,flamespeedisplottedas a functionofequivalence
ratio(fractionof stoichimetiicfuel-airratio)at initialmixture
temperaturesof -73°C formethane-a3r,propane-ah,andethylene-air,
andat -132°C formethane-air.Streamflowswme maintainedinthe
laminarrangeattheReynoldsnuxibersindicatedinfigure4. Eachofthe
curvesshowsthatthemaximumflamespeedfora giventemperatureoccurs
atan equivalenceratioslightlygeaterthan1.0(rich&rthan
Stoichiometric).

Inorderto comparethelow-temperatureflamespeedswiththepre-
viouslyreportedM.gh-teq?=atief~e sPee~~itwasnecessaryto cOn-
vertthehigh-temperaturevalues,whichwerebasedontheinneredgeof
theflame-coneshadow,tovaluesbasedontheouteredgeoftheshadow.
Thisconversionwasaccomplishedby multiplyingtheinner-edgevaluesby
thefollowingconversionfactors(reference1): formethane,0.900;for
propane,0.885jandforethylene,0.849.
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Theflame-speedmaximmsfromfigne 4,aswellastheconverted
flame-speedmaximumfromreference1,areplottedagainstinitialfi-
turetemperatureinfigure5 to showthatthelow-temperaturepoints
extendthecurvespreviouslyestablishedfortherangefromroomtemper-
atureto 617°K. No MS continuityoccursatthelowtemperaturesstudied.
Itappearsthatthecurves
flamespeedat0°K.

Itwa~foundthatthe
%) onmaximumflamespeed
icalequationsofthetype

might~e extrapolatedto-some-smallvalueof

effectof initialmixturetemperature
(u, cm/see) could be representedby

u = b -1-cTon

(To,
empir-

(1)

wh~e b, c, and n areconstantsfora givenfuel.Theequations,
whichweredeterminedby pickingan integerfor b whichgavea st~ight
tie ona logarithmicplotof (u-b)againstTo (fig.6)andthen
de~ c and n by themethodof leastsquares,are:

Formethane,for To from141°to 615°K,

2.11U = 8 + 0.000160To

Fo,rpropane,for To from200°to 616°K,

2.00u = 10+ 0.000342To

Forethylene,fm ‘o from200°to 617°K,

1.74U = 10+ 0.00259To

Comparisonof experimen~lda% withrelativevaluespredictedby
theoreticaleqyations.- Itis showninreferences1 and7 that,forthe
purposeofpredictingtherelativeeffectofteqeratureonflamespeed,
thethermal-theoryequationsofSemenov(reference8)mightbe reduced
tothefollowingexpressions:

Fora

Fora

monomolecular

u

reactioncontrol~g,

bimolecularreactioncontrolling,

i

4.9 2e(-E/~f)
UCI) Tf To

(Tf-TO)3

(2)

(3)

——. —.-—. — —
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Thesereducedexpressionsinvolvetheassumptionthattherelations
betweenthephysicalpropertiesandthetemperatureforthemixtureare
reasonablynesrthoseforah.

ThediffusiontheoryofTanfordandPease(reference9)wasalso
consideredforthepurposeofpredict3agtherelativeeffectoftemper-
atureonflsmespeedinreference1. Thereducedexpressionwhich
resultedfromthetisquare-root-lawequationis:

where

_=6.5PT+Pnn+Pn

(4)

i
J. L,&- n Un u

Coqmrisonsoftherelativeeffectsofinitialtemperatureonflame
speedaspredictedby thereducedequations(2)~ (3),and(4)formethane,
propane,andethylenearepresentedinfigures7(a),7(b),and7(c),
respectively.Eachofthecurveswasplottedby computingflamespeeds
atvarioustempmtwes relativetotheexperimentalvalueofnmcbnum
flamespeeda%25°C. Theqerhental resultsarerepresentedby the
dashedcurves.

Thevaluesusedinplottingthecurvesinfigure7 (andfig.8,
discussedlater)arepresentedintibleI. Theflametemperatures
quotedintableI werebasedon sodiumD-linemeasurementscd?flametem-
peraturesofmixturesat 25°C (referenceI-O). Thechangesinflmme
temperaturewithMtial temperaturewereassumedtobe thessmeasfor
thetheoreticaladiabaticflametemp-ture(referenceIl.);thatis,the
differencebetweencomputedadiabaticflamet@nperatureandsodiumD-line
temperaturewastakentobe constantfora givenmixhre. Theeqwl.lib-
rim radicalconcentrationswerecomputedby the~aphicalmethodof
reference12. Relativeflamespeedsatlowinitialtemperaturesare
predictedwithinapproximately20percentby eitherthethermaltheory
orthesquare-rootlaw,aswasalsofoundtobe thecaseforhighini-
tialtemperatures(reference1).

Thedifferencebetween-batic @ sodiumD-linetemp=atures
increasedin goingfrommethanetopropaneto ethylene.Itmightbe
arguedthatsincethisdifferenceincreasedfromfueltofuelinthe
sameorderasthesotiumD-we f~e tenpraturesincreasedattheref-
erenceinitialtemperateof.25°C,theclifferenceshouldnotbe con-
stantfora givenfuelbutshouldincreaseastheflametaperature
increases.In otherwords,thesodiumD-linetemperatureof2400°K for
ethyleneatan initialtemperatureof344°C mightbe toohigh. Onthis
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premise,thepredictionsof equations(2),(3),and(4)wererecomputed
forethylenefora flametmpmxtureof2350°K attheinitialtempera-
tureof344°C andwerefoundto givepredictedflamespeedvaluesof
196.6,214,and170.6centimeterspersecond,respectively.Thesepre-
dictedvaluesarewellwithin20percentoftheexper~ntalvalueof
196.0andcongmrewiththepredictedvaluesof218.2,236.8,and189.8
listedintable1.

Ingeneral,forelevatedtemperaturesthethermal-theoryvalueswere
highandthesquare-root-lawvalueswerelowjwhereasforlowtempera-
turesthevaluespredictedby thetwotheorieswerestistantialLythe
ssme.However,evenquaMtativeobservationsregardingtherelative
meritsofthetwotheoriesaresuhjectto theassumptionsmadesadthe
fMe t~eraturesandactivationenergiesuSed. (Seereferences1 aud
7 forexamylesandfurtherdiscussion.)

Correlationofflimespeedswithactive-radicalconcentrations.-
Inreference1,linearcorrelationswerefoundbetweenmcdmumflame
speedandcalculatede@.Mbriumactive-radicalconcentrationsformix-
turesofmethane-ati,propane-air,andethylene-airathighinitialtem-
peratures.Straight-linecorrelationsresultedfromusing(1)a summa-
tionof effectiverelativeconcentrationsofhydrogenatoms,hydroxyl
radicals,andoxygenatomscomputedat sodiumD-Lineflametemperaturesj
(2)hydrogen-atomconcentrationsalonecomputedat sodiumD-lineflame
temperatures(3)hydrogen-atomconcentrationsalonecomputedatadia-
baticflameteqeratures.Infigure8,themudmumflamespeedsat low
Mtial temperaturesareplottedagainstactive-radicalconcentrations
togetherwiththeconvertedhigh-temperaturedata.

ThestraightLinesoffigure8 indicatethat,at leastforthethree
fuelsstudied,themaximumflamespeedofa gaseousfuelmaybe accurately
estimatedovera considerablerangeofinitialmixturetemperatewhen
theexperimentalvaluesattwotemperaturesareknownandsufficientdata
existto computetheadiabaticflametemperaturesand,hence,theequilib-
riumhydrogen-atomconcentrations.

Theslopesofthecorrelationsinfigure8 aregreaterthanthose
showninthecorrelationsbetweenflamespeedandradicalconcentration
inreference13. In consideringthisdifference,itmustbe remenibaed
that,fora givencorrelationMne infigure8(a),initialmixturetem-
peratureyariedwhileequivalenceratio(composition)andfueltypewere
flxedjwhereasinreference13fuel%ypevariedwhileinitialtenrpera-
turewasfixedandequivalenceratioswereessentiallythesame.The
datareportedhereinindicatethatflsmespeedsfora givenfuelvary
fromfive-totenfoldovertherangeoftemperaturesstudied,whereasin
reference13a rangeofonlytwofoldwascoveredintheflamespeedsfor
differentfuelsatthesameinitialtemperate. However,theflametem-
peratureandtheradical-concentrationrangesareofthesameorderin
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bothstudies.
attributedto
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Thereasonsforthedifferencein slopeWY, inpart,be
thetapsraturedependencyoftheotherfactors,suchas

reactionrate,inthe–originalT–&ford&d Peaseequation(references9
and14). Masmuchasthepresentdataareself-consistent?itisvalid
to usethesedatatopredicttheeffectofinitialmixhzretemperature
onmcdmumflamespeed.

SUMMARYOFREsms

Au investigationofthelsminarflamespeedsofmethane-air,
propane-afi,andethylene-airmixturesat lowinitialtemperatures,
togetherwiththeearlierworkathighinitialtemp=atures,gavethe
followingresults:

l.Inaplot ofmaximumflamespeedagainstinitialmixturetemper-
ature,no &Mcontinuitywasrevealedas lowertemperatureswerereached.
Empiricalequationsformaximumflamespeedu (cm/see)asa function
ofinitialmixtmret~eratme ‘J!Oweredeterminedasfollows:

Formethane,for ‘o from141°to 615°K,

2.1.1
U = 8 + 0.000160To

Forpropane,for ‘o from200°to 616°K,

2.00u = 10+ 0.0C0342To

Forethylene,for To from200°to 617°K,

u = 10+ 0.00259TO1”74

2.Boththethermal-theoryequationspresentedby Semenovandthe
diffusiontheoryofTanfordandPeasewereusedtopredictrelative
flamespeedswith approximately20percentforthetemperaturesand
gasesstudied,thusextendingthepreviouslyestablishedcomparison
madeathightemperatures.

3.Thelow-temperaturedatawerealsofoundto ~end theMnear
correctionsbetweenmaximumflamespeedsandcalculatedequilibrium
active-radicalconcenixrations,whichwerepreviousl.yestablishedby the
high-tanperaturedata.

4.A velocitytraverseofoneoftheburnernozzlesshowedthat
localvelocitiesinthenearlyfl.atcentralportionofthevelocitypro-
filewereoftheorderof20percenthigherthantheaveragevelocity
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over‘tieentirenozzlethroatarea.Thistiferencetiticatesthecon-
siderableerrorwhichmightresultfrombasingflamespeedona local
velocityassumedequaltotheaveragevelOcityfora convergingnozzle
(forexample,intheanglemethod).

LewisFlightPropWion Laboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,October16,1951
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